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Introduction 67
Mitochondria are organelles whose main role is energy production. They are the only 68 organelles that contain their own genome. The mitochondrial genome is a double stranded 16.5 69 kb long molecule which resembles that of prokaryotes [1] . The two strands differ in nucleotide 70 (G +T) composition -the one which contains more guanines is named heavy (H) strand; the 71 other, which is cystosine-rich is called L-strand (light strand). The mitochondrial genome does 72 not contain any introns and has no spaces between the genes, although it contains ~1000 73 nucleotide long non-coding control region (displacement loop or D-loop) where origin of 74 replication of the H-strand as well as promoters of transcription, both for H-and L-strands are 75 localized. mtDNA codes for 37 genes. Among them 13 code for polypeptides, the rest -2 rRNAs 4 76 (12S and 16S) and 22 tRNAs -are necessary for mitochondrial protein synthesis. All of the 13 77 mRNAs code for subunits of 4 out of 5 oxidative phosphorylation (OXPHOS) complexes. The 78 rest of peptides which are needed to build electron transport chain (ETC) as well as to maintain 79 mitochondrial functioning is nuclear-encoded [2] . It was shown that mitochondrial function 80 correlates with cells' metabolic state and can influence obesity [3] . 81 Obesity is an epidemic of our times [4] . Current trends suggest that by the year 2030 more than 82 50% of Americans will be obese [5] , while morbid obesity will affect even 10% of UK 83 population [6] . It was shown that obesity became prevalent even in people that historically are 84 believed to be of rather lean posture (e.g. Type 1 diabetes) [7] . In this cohort overweight/obesity 85 became two times more prevalent over the last 30 years [8, 9] . Such a burst in obesity prevalence 86 can, in part, be attributed to lifestyle changes, however obesity is also highly heritable. Twin 87 studies suggest that 40-70% of variability of BMI, which is the most popular measure to assess 88 obesity, can be attributed to genetic variation [10] . Even though large scale genome wide 89 association studies (GWAS) including hundreds of thousands of individuals and millions of 90 autosomal single nucleotide variants have been performed, they led to discovery of only around 91 100 genetic variants associated with BMI [11] [12] [13] . Thus, a substantial part of genetic variability 92 that influences BMI still remains to be discovered, especially that most of the associated 93 variants are non-coding (making explanation of their role in obesity even more difficult).
94
It is known that obesity results from an imbalance between energy intake and its 95 expenditure. Since it was shown that interaction and communication between nuclear and 96 mitochondrial genomes is indispensable for normal cell function [14, 15] it seems reasonable to 97 look for interactions between SNPs in the nucleus and in the mitochondria and their associations 98 with obesity [16] [17] [18] . Here, we have performed mitochondrial GWAS as well as analysis of 99 genetic interactions between mitochondrial and nuclear variants which are localized to genes 100 known to have an influence on mitochondrial functioning and we searched for their correlation 5 101 with BMI.
102

Results
103
Single SNP analysis -mitoGWAS 104 We have recruited a group of 435 women who were pregnant or were preparing to 105 conceive for the study on gestational weight gain and its genetic contributors. Here, we have 106 however used the cohort to identify BMI-associated loci in the mitochondrial genome. The 107 mean age of patients was 28.5 years. Most of them were of normal weight and have never been 108 pregnant before being included to the study. Mean disease duration was 12 years, while median 109 insulin daily dose equaled 40 IU. Anthropometric data are presented in Table 1 . Forty two mitochondrial variants were included in the analysis (S1a Table) . Nominal Table 2 . An analogous analysis of 87 mitochondrial variants (S1b Table) Median BMI for this cohort was 24.28 (Table 3) .
126 
MT-ND2 gene interactions within MitoCarta
136
Since each of the analysis we performed (mitoGWAS in both cohorts) directed us 137 towards MT-ND2 gene, we have looked closer into its interactions with genes listed in 138 MitoCarta (S2 Table) . Most significant interactions for MT-ND2 were associated with TCA 139 cycle and respiratory electron transport, metabolism of amino acids and mitochondrial 140 biogenesis (S3 Table) . The last category can potentially have the most crucial influence on 141 mitochondrial functioning and can have profound significance for energy metabolism. ND2 variants interactions within this pathway is presented in Table 5 . We looked closer into these interactions and found that variant rs3021088 of MT-ND2 gene 149 interacted with variants in TFB2M (rs6701836) and POLMRT (rs41542013) genes, both of 150 which are necessary for mitochondrial transcription. TFB2M is a mitochondrial transcription 151 factor which, together with TFAM, creates transcription promoter complex and enables 152 transcription by mitochondrial polymerase POLRMT (S1 Figure) . these variants on its own was not associated with BMI.
162
Thus, we have found an example of negative interaction between MT-ND2 and TFB2M 163 and positive interaction between MT-ND2 and POLRMT variants.
164
Functional significance 165 Next, we assessed the functional significance of these interactions. Mitochondrial Validation cohort 179 We also used FHS as a validation cohort to confirm the epistatic interactions between 180 SIRT3, ATP5B, CYCS, TFB2M or POLRMT and MT-ND2.
181
We were able to confirm the interactions and their influence on BMI for SIRT3 and 182 ATP5B genes. For SIRT3 we have found an interaction between mitochondrial variant 183 localized to 5460 position (MAF 10.1%) and two nuclear variants -rs11602954 (p=0.03) and 184 rs11606393 (p=0.028). These variants are in LD with each other and with previously described 185 variants in SIRT3 (in Table 5 ). For ATP5B gene we have found that mitochondrial variant 186 localized to position 4769 interacted with seven variants (rs2255074, rs1107479, rs7973157, 187 rs2950390, rs2958154, rs2290893, rs2035081) which were in LD with rs2950393.
188
We looked closer into interactions of MT-ND2 and TFB2M or POLRMT. Catalog and 13 were significant at the level of p<e10-09 (S4c Table) . According to GWAS
207
Catalog these variants were associated, among others, with blood metabolite levels, blood 208 protein levels, LDL and total cholesterol, bone mineral density, age-related hearing impairment. be associated with BMI and diabetes.
217
Our mitoGWAS analyses have shown that both protein coding and non-coding variants are 218 associated with BMI. We have however looked closer into the former, as they might directly 11 219 influence electron transport chain (ETC) and cells energy production. The analysis of T1DM 220 cohort led to discovery of a variant in MT-ND2 gene. The predictive algorithms do not suggest 221 that rs28357980 (G4917A) might be damaging (SIFT -0.09, PolyPhen -0.06), however the 222 variant has been shown to be associated with multiple sclerosis [19] and colorectal cancer [20] .
223
The G4917A variant is one of the defining variants of haplogroup T, which in 2013 was shown 224 to be a risk factor for morbid obesity [21] . Moreover the variant is non-synonymous and affects 225 the protein by substitution of highly conserved Aspartate at amino acid 150 to an Asparagine.
226
What is more interesting, our analysis of the validation cohort (FHS) confirmed the association 227 of the same variant with BMI. or were shown to be a poor prognostic factor in oral cancer [27] .
242
Since several GWAS data show that a substantial part of genetic variability of obesity is still 243 unknown one might suspect that it is hidden in more complex associations, meaning genetic Then, all SNPs on chrX, chrM, chr0 were removed and hard cut off metrics was applied. Next,
301
we manually curated 201 variants on chrM also in Genome Studio, recalculated statistics and Table S3 . List of most significant associations of MT-ND2 gene 534 Table S4a . All interactions of MT-ND2 gene genome wide in T1DM cohort 535 Table S4b . All interactions of MT-ND2 gene genome wide in FHS cohort 536 Table S4c . Significant associations of MT-ND2 variants in GWAS Catalog 537 Figure S1 -MitoGWAS on BMI type 1 diabetes patients and additive interactions between 538 mitochondrial and nuclear variants in T1DM patients and FHS cohort.
